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Why study open heavy flavor in heavy ion
collisions?

¢ Relatively large mass allowing to use pQCD framework (p+p collisions)

e Established as an important independent probe of the sQGP medium (initial
and final energy loss)

e Important baseline measurement for better understanding heavy quarkonia
production

¢ Total number produced heavy quarks expected to scale with number of
binary nucleon-nucleon collisions

e Heavy quarks’ coupling with medium much stronger than originally expected
(large suppression and collectivity)
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Measuring heavy quarks - Outline




Measuring heavy quarks - Outline
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Measuring heavy quarks - Outline
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Measuring heavy quarks - Outline

@/ﬂ Indirect measurement
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PHENIX measurements:

v single electron

v single muon

v di-electron correlation
v e-p correlation
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Detecting electrons with the PHENIX central arms

- Kinematic coverage: PHENIX Detector

n < 035, A(p — 2']_[/2’ pcy Magnet TEC
pt > 0.2 GeV/c .

- DC, PC1 provide tracking

- RICH & EMCal provide very clean PCL >
electron identification aeroge
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- E/p ~ 1 for electrons A
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Sources of electrons:

Photonic electrons

m Photon conversions
N >V Y,
Y — e" e in material
Main background

m Dalitz decays
M >yee

m Direct Photon

Small but significant at high p;
Measured by PHENIX

Signal = Inclusive

signal and background

Non-photonic electrons

m Heavy flavor electrons
D—oeft X
m Weak Kaon decays
K, K-> aletv,
< 3% of non-photonic in p; > 1.0 GeV/c
m Vector Meson Decays
w, P, ¢, JP,Y > ete

< 2-3% of non-photonic in all p;

spectrum - Background

Background estimated with two separate Cocktail and

Converter Methods
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Cocktail method

Au+Au @\[s,, =200 GeV (Run-4)
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A — tota 5
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Converter method

e Converter material of known
thickness (1.68 Xo) placed around
beam pipe

* Increase of background by a fixed
factor due to photon conversions

NeConv—out _ NQ+N§OH_7,

Ngonv—in _ R*YNQ/ + (1 . E)Né\Ton—’y

7

[ (c/GeV)’]

_dN

21 pN,, dp,dy
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Converter
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— ® e
107 o0
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= 1
102 Sh'c
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103 P~

3 g
10 ¢ g
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= P
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Cocktall vs. Converter Method

e Good S/B > 1 for above 2 GeV/c

e Good agreement between two
methods

e Extensive Pt coverage

e Good S/B essential for v2 analysis

measured/cocktail

Signal/Background)

1.3
1.2 _ Photonic electrons (measured/cocktail)
| i\%
1 - Ed i { I I 1 ¥ < 1 3
g 1 )|
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Heavy flavor electron spectrum
in p+p collisions @ 200 GeV

6‘10'1%‘""""""""""""""""""'"""""'%

e Necessary baseline measurement for N: 2L p+p — (" +€)/2 + X at\'s=200 GeV (a)_;
heavy ion collisions s 3 E
il - PHENIX data 5

J; 104 = FONLL(total) =

o |atest cocktail (Including J/p 3 2 —— FONLL(c — €) E
contribution at high pr) e FONLL(b — e)
L 106§— """"""" FONLL(b%C%e) _g

e Agreement with FONLL (c+b) e E
prediction PRL 95 122001(2005) 107 =
10° =

e (Good agreement N SpeCtral Shape 10-1;%__" N R IR NI W .....L. e 'H__%
325 (b) =

22.5 o‘\‘\“\ =

O 92 —

° Occ= 567 = 57(stat) + 224(sys) mb s }W{# L % t =
- ¢ =

g i :

050 e —]

¢ For bottom cross section need to p, (GeVrc)
know bottom to charm production arXiv:1005.1627 (PHENIX)
ratio within HF electron spectrum
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Bottom to charm ratio (e-K correlations)

e-K(NO PID) reconstruction hadron p, 0.4~5Gev/c
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Open heavy flavor from di-electron continuum

Ll | v Y v v v v

10°E p+p at\s = 200 GeV " _
1 measured correlated e'e* pairs

L uul

Wiy ' £ PYTHIA
h lyl <0.35 . =—n-yes == of — oo (PYTHIA)
10 p,>0.2 GeV/c 10* e ~=bb — ee (PYTHIA) ?

w00 &xea == DY —ee(PYTHIA)

c" ¢4d

Independent cross-check for
calculation charm and bottom
quark cross sections:
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arXiv:0802.0050 (PHENIX)
Published
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Open heavy flavor from di-electron continuum
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p+p at\/'s = 200 GeV * DATA - COCKTAIL

Iyl <0.35 -
p. > 0.2 GeVic s===cC — ee (PYTHIA)
.

measured correlated e-e* pairs

— bb — ee (PYTHIA)

e DY 0 (PYTHIA} Independent cross-check for

calculation charm and bottom
quark cross sections:
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Open heavy flavor from di-electron continuum
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p+p at\/'s = 200 GeV * DATA - COCKTAIL

Iyl <0.35 -
. =>0.2 GeV/c ss==cC — ee (PYTHIA)
.

measured correlated e-e* pairs

— bb — ee (PYTHIA)

e DY 0 (PYTHIA} Independent cross-check for

calculation charm and bottom
quark cross sections:

—sum

Occ= 544 + 39(stat) + 142(sys)
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Heavy flavor e* spectra in Au+Au @ 200 GeV
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Nuclear modification factor vs. pr
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Nuclear modification factor vs. pr

00-10 %
2_I T T T 1T T 1T T 17 1T 17T 1T 17T | 1T 1T 1T 17T T T l_
031 o Ray: 0-10 % ° Non-ph;fonicel E Suppression at pr > 3 GeV is almost
T AutAu @ S = 200 GeV [E] Scaling error . as much as for o and g
1.6: PH VIE-T\"X [ Uncertainty in T, E
145 ' : v V_Vt':‘m:t SCT,"”Q error = But shouldn’t heavy quark radiate
120 & a1 ! ° : less gluons then light quarks (dead
1 H++ = cone effect) based on pQCD ?
- . :
08:_ ....................................... ... . Perhaps aSking tOO mUCh from
0.6 e l - PQCD when medium is so strongly
= A A4 e interacting
0.4 + i é | i
: A A A 7
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Nuclear modification

* Energy loss due to elastic I o ekt e p, [Gevic]
scattering [ van Hess stal D
ZZZT 122D Toary
e Heavy quark diffusion o1 —
om;— . __E_'__—_-_-—— —_—
0'2.5_ AutrAu @B 0 = 200 GeV '.I.'.'ﬂv."m""""" : 2:
e Heavy flavor meson IR R R e
. . . 16 Ik =02K=1
dissociation || AutAu @[Sy = 200 GeV

e Precise bottom to charm ratio
critical

e Simultaneous matching to both
Raa and v2 needed

14 P, [GeV/c]
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“lliptic flow - Vs

¢ Extended and improved measurement at
high pt with Run-7 data due to improved
reaction plane resolution (new reaction
plane detector)

e | arge HF electron vz from Run-4 Au+Au S 2T T T T T T T T T
measurement data (First measurement) .§ - o PHENX ety Run?
? - minimum-bias
S
= 041
§

0.05

= =)

[ T

= =N

o

—
[ o]

— .

IlIIIIIlIlIIIllIIII

e v2 measurements in several centrality
classes
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So do HQs flow 7?

e | arge HF electron vo doesn’t
automatically translate to large HQ v>

e Radiative energy loss models give
only lower limit on vo. Data in better
agreement with models assuming
stronger coupling with the medium

¢ Recombination scenarios favor
sizable c-quark vz

e Once again precise bottom to charm
ratio or direct B and D meson
measurements needed for further
testing of models

16
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Forward rapidity

e Full picture understanding needed

e No theoretical predictions of open
heavy flavor muon production in
forward rapidity

e PHENIX J/\ data indicates larger
suppression in the forward rapidity

e | arger cold nuclear matter effects.

® please

B Nuclear modification factor

® PHENIX, AutAu, |yle[1.2,2.2], = 7% syst.
(Run? preliminary)

® PHENIX, AutAu, |ylg[1.2,2.2], = 7% syst.

O PHENIX, AutAu, |y|<0.35, = 12% syst

04

0.2—
_llllllllllllllllllllllllllllIllllllllll
00 50 100 150 200 250 300 350 400
Npad
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Measuring single muons in muon arms

X Detector JE G —

Magnet

SIGNAL:

“Prompt” muons — Muons
resulting from decays of
heavy quarks

BACKGROUND:
Decay muons — muons from

hadron decays IiUidiL
ZDC North

Punchthrough hadrons -

hadrons punching through MulD

the entire detector

OTHER SOURCES

Stopped hadrons — hadrons
stopping in the shallow gaps
due to nuclear interaction with

the absorber. le View North

18
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“Hadron cocktall”: estimating Background at
forward rapidity

Cocktail is pre-constraint by matching with data

Generation of a “realistic” input Prspectra and
mixture of dominant background sources

(t, K, p ...).
Particle propagation through PHENIX geometry using GEANT.
In heavy ion collisions “Embedding” simulated tracks into readl

events to reproduce effects of detector environment during
heavy ion collisions .

19
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Single muon spectra in p+p collisions (

Run-5)

:{; v hd run 5 single mu y=1.65
?0 Nk - FONLL total y=1.65 (electron)
¢ ENG . — FONLL chanmy=1.65 (electron) Independent South/North arms
o .. e~ —— FONLL bottom y=1.65 (electron)
g 20 .-...N RN A b+c uncertainty y=1.65 (electron) CrOSS_CheCk
,:5 - D 5
5 o Agreement with previous single
10" It muon result (Run-2)
E === Large systematic uncertainties
6" ' ' l ' - . ! in low pr region
S —
g’ M B ST
5 I II I I el Better agreement at high pTo
s (EEEgE I I I l I . l with FONLL(c+b) prediction at
2 _.'..'..'..’..-..-.nn-.-.,,,...._.._.._....._........-.._....._...................._..."..-. .......... R - e e
- e A -1 y=1.65
S
% 15 2 25 3 35 4 45 5
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Cross section vs. y

p+p\/s = 200 GeV
—~ 025
)
S
~— B PHENIX electrons
S\ 0l (PRL 97, 252002)
|}
Db ® PHENIX muons
~ = preliminary
0.15 Ol FONLL charm
; cent. —
1 upper/lower =-=--
0.1
[ R
PH ENIX
0.05—
I |
0
4 5
y
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Single muon spectra (Cu+Cu)
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-
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—
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| H]HII'

—~—
PH"ENIX pn at Northarm: 1.4<y <19
e patSoutharm:-19<y<-14
o North uncorrelated error
South uncorrelated error
on I N/S correlated error
‘I

3

4
PHENIX preliminary
Cu+Cu — 1 + X @\s,, = 200 GeV
20 - 40 % centrality

=

Good agreement between
single muon spectra in the
north and south arms

Reduced systematic after
combining spectra
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Single muon spectra (Cu+Cu)

o 107
o E
> E PHENIX preliminary
2 10, Cu+Cu — 1" + X @\[S,y, = 200 GeV
5 - 20 - 40 % centrality
o I . o 1, 14<ly|<1.9 Good agreement between
3 "VE ¢ single muon spectra in the
s ¢ north and south arms
g- 10° = o
< -
105 ¢ Reduced systematic after
= combining spectra
"= PHENIX i
i e b o b e by o b e b
1 1.5 2 2.5 3 3.5 4
P, (GeVlc)
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Single muon spectra in Cu+Cu collisions @ 200 GeV

o)
E 102 PHENIX preliminary
= Cu+Cu — i + X @\, = 200 GeV |
|5 10° — First measurement of (forward
"o%" . PH: “ENIX rapidity) HF muon spectra in
gm 107 e heavy ion collisions
.5 .
10 - Cu+Cu centrality ranges:
10 b 0-20%, 20-40%, 40-94%
107 ;— At higher ptr most central
- datapoints visibly lower than
10°E u §.20%x 10° scaled p+p reference
- A& 20-40% x 10°
10°E © 40-94% x 10"
= O p+px 1042 mb
10.10 B | 1 1 I | - | - | | | - | 11 I 11 1 I 1 1 | | | 11 |
1 1.5 2 2.5 3 3.5 4
P; (GeV/c)
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Raa VS P1in Cu+Cu collisions

2
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Raa VS P1in Cu+Cu collisions

2r
- e pat14d4<|y/<19
1.8 :— — p, to p,_uncor. error
1.6 Systematic uncertainty
14 E_ - Uncertainty on IB
120 * Y e
< = * { PH ENIX
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0.8—
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— o
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Raa VS Pt in Cu+Cu collisions
2
1.8— :
1 6; PHENIX preliminary e *; ::):4u<n2:r<::or
O Cu+Cu @\/s, = 200 GeV T '
1 4: uo :0("?/ cs:::trality ¢ Systematic uncertainty
’ :_ ) ° 1 Uncertaintyon T
1.2 Y . "
- PH ENIX
é A oeoe - oecenggeecncrrenncnceianntcntetietcntetienntcnnececntetenentsacnnanacnss .
X r
0.8 +
0.6—% ? }
0.4/ { %
0.2—
0: L I 1 I 1 1 I 1 I 1 I 1 1 1
1 1.5 2 2.5 3 3.5 4
P, (GeVic)

Large suppression of higher pr
heavy flavor muons in the most
central Cu+Cu collisions

Final results expected to be
submitted for publication within
few months

Reduction of systematic errors

needed. Expected after installing
FVTX detector for Run-12
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Heavy flavor muons vs. electrons at higher pr

o m W 14<ly|<19,p >2GeVic
u Cu+Cu @ \/s,,, = 200 GeV
14— PHENIX Preliminary
1.2 - e € | <0.35, p, >3 GeVic
B - AutAu @ \fs,,, = 200 GeV
4E . PHENIX PRLYS 172301 (2007)
§0.8 _ |m * H
(4 - +
0.6 = H J
0.4— + [l
0.2 N2
-~ PH “ENIX
o B 1 1 1 | 1 1 | | I 1 1

10°

Warning! Not apples to apples
comparison

Potentially larger HF muon
suppression in Cu+Cu for Npart
~90 compared to naive projection
from HF electron measurements in
Au+Au

About the same level of
suppression if comparing the most
central electron datapoint to the
most central muon datapoint
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Trying to understand apples vs. oranges

Central Cu+Cu vs. central Au+Au (same rapidity)

_<mT> dN- AuAu _dN_ AuAu
gl;ljuAu ] .4, dy ) d—y 4\ i
8g.uCu -<mT> dN- CuCu -d—N- CuCu (AAM ) )
7,4, dy _ dy |

Naively expectation suggest that heavy
guarks see ~ 2 times less hot medium In
Cu+Cu collisions in forward rapidity than in
Au+Au collisions in mid-rapidity.

Yet the same level of suppression

dN/dy vs. vy

AuAu 200 GeV central _
BRAHMS preliminary

T T T T T

30088

dN/dy

200

100 .
0 _m -

Bjorken energy density for the collisions
of same species expected to be about
20-25% different between y~0 and
y~1.65
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e-U correlation

e-u*, e*-u” Azimuthal Correlations
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Invariant Yield 2.11e-07 + 3.04e-08(stat.) + 3.5e-08(sys.)
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Summary

e Decade of variety of excellent measurements delivered by PHENIX

e Surprising results in open heavy flavor sector: Large suppression and
collectivity

e Good progress on the theoretical side in qualitative understanding of possible
iIn-medium effects

e Likely large cold nuclear matter effects in forward rapidity. Need some
predictions here

e More precise (“direct”) measurement of open heavy flavor mesons with vertex
detectors needed
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Open heavy flavor outlook for PHENIX

e A list of “finalized” open heavy flavor measurements headed towards
publication in the nearest future

e “New” analyses underway using high statistics datasets (p+p, d+Au, Au+Au)
from the RHIC Runs 8, 9 & 10

e HBD detector installed during Runs 9 & 10: Expected additional sizable
reduction in the electron background

e RHIC Run 11 underway. PHENIX taking first data with newly installed VTX
detector. FVTX detector expected to be installed before Run 12

For details please see “PHENIX Future Flavor Measurements” by R.
Noucier (BNL) on January 6 at 2:40 pm
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Sack up slides
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¢ quark
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Adjusting/fTuning cocktall to match dato

Prare hadron simuilation gap 3 slopped tracks

Todsl hadepn prohind

Trigh pgaartl

d

For muon/hadron separation,
dpplying momentum cuf on fracks
that stop in gaps 2 & 3, keeping
nadrons.

g

We "tune” cockfail by forcing
simulated stopped hadron By spectra
to match data af gap 3.

" .

Finally, using additional data handles
to check MC/data matching:

HIATRNARY

1] gap2 hadron specirg
2| I vertex slope matching
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